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[1] We investigate the generation of a mixing layer in the separated flow behind an
estuarine sill (height H ∼ 4 m) in the Snohomish River, Washington as part of a larger
investigation of coherent structures using remote and in situ sensing. During increasing
ebb flows the depth d and stratification decrease and a region of sheared flow characterized
by elevated production of turbulent kinetic energy develops. Profiles of velocity and
acoustic backscatter exhibit coherent fluctuations of order 0.1 Hz and are used to define the
boundaries of the mixing layer. Variations in the mixing layer width and its embedded
coherent structures are caused by changes to both the normalized sill height H/d and to a
bulk Richardson number Rih defined using the depth of flow over the sill. Entrainment ET
and the mixing layer expansion angle increase as stratification and the bulk Richardson
number decrease; this relationship is parameterized as ET = 0.07Ri−0.5
and is valid for
h
approximately 0.1 < Rih < 2.8. Available comparisons with literature for inertially
dominated conditions (Rih < 0.1) are consistent with our data and validate our approach,
though lateral gradients may introduce an upwards bias of approximately 20%. As the
ratio H/d increases over the ebb, the free surface boundary pushes the mixing layer
trajectory downward, reduces its expansion angle, and produces asymmetry in the acoustic
backscatter (coherent structures). Three‐dimensional divergence, as imaged by infrared
video and transecting data, becomes more prominent for H/d > 0.8 due to blocking of flow
by the sill.
Citation: Talke, S. A., A. R. Horner‐Devine, and C. C. Chickadel (2010), Mixing layer dynamics in separated flow over an
estuarine sill with variable stratification, J. Geophys. Res., 115, C09004, doi:10.1029/2009JC005467.

1. Introduction
[2] In rivers and estuaries, mixing produced by shear
redistributes momentum and scalars such as salt, temperature,
and suspended sediment in the water column [MacDonald
and Horner‐Devine, 2008; Tedford et al., 2009]. Because
mixing controls large scale processes such as tidal energy
dissipation and the longitudinal distribution of salinity
[Friedrichs and Aubrey, 1994; MacCready, 2004], a better
understanding of the generation and evolution of mixing is
needed, particularly given large tidal variations in stratification, flow velocity, and water depth.
[3] Mixing is often characterized by coherent structures
(large scale vortices) which are generated by shear over a
variety of bathymetry, ranging from flat surfaces [Adrian
et al., 2000] to steep dunes with angles greater than 10° [Best,
2005]. Here we investigate the time‐averaged flow dynamics
generated by coherent structures downstream of a steep‐
1
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angled, constructed estuarine sill (see Figure 1) which, unlike
dunes, occurs singularly (i.e., is not embedded in a dune
field) and extends over the majority of the water column
(0.6 < H/d < 1, where H is sill height and d is the undisturbed water depth). The abrupt bathymetric change results
in flow separation near the crest and strongly sheared flow in
the lee of the sill.
[4] Similar flows over bumps, backward facing steps,
and dunes have been extensively studied in laboratory and
numerical studies and suggest flow dynamics that may be
important in the present study (see reviews by Mabey [1972],
Müller and Gyr [1986], Simpson [1989], and Best [2005]).
These common features (see Figure 2) include (1) the formation of span‐wise vortex rollers (coherent structures) from
Kelvin‐Helmholtz‐like instabilities caused by the shear in
the separated flow; (2) the downstream advection of these
vortices, which grow by fluid entrainment and by pairing with
each other; (3) the generation, averaged over many vortices,
of a mixing layer that grows in the downstream direction;
(4) the reattachment of the mixing layer to the bed about
4–5 sill heights downstream of the crest; (5) the formation
of an unsteady, reverse flow (recirculation) below the mixing
layer; and (6) the entrainment of fluid into the mixing layer,
which drives recirculation. Following Müller and Gyr [1986],
we refer to this separated flow as a ‘mixing layer’ and dis-
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Figure 1. (a) Location of the experiment within Puget Sound, (b) an aerial photograph of the Snohomish
River, Jetty Island, and the upstream mooring M3A, (c) and a bathymetric map of the sill with the location
of the ADCP/Biosonics tripod. The tripod location is given by a circle in each figure. The (0,0) coordinate
in Figure 1c is located at 558350 Eastings, 5318620 Northings, according to the NAD83/WGS84 datum.
The origin of the coordinate system used for analysis is given by an cross, with the x axis pointed
upstream and the y axis parallel to the sill, positive away from Jetty Island. Depth is indicated relative
to the Mean‐Lower‐Low‐Water Level (MLLW) at the NOAA Seattle Tide Gauge. The solid gray, black
and white lines in Figure 1c depict the path of 3 cross‐sectional transects taken on day 194 (13 July).

Figure 2. Idealized schematic of flow through a control volume within a time‐averaged mixing layer
(ML), using the simplification of linear growth from the sill crest. A Gaussian Reynolds stress is depicted,
with a horizontal axis of symmetry upon which w ∼ 0, if entrainment velocities w1 and w2 are equal in
magnitude. The lower boundary is depicted by u ∼ 0, du/dz ∼ 0, and dw/dz ∼ 0, as described in the text.
Horizontal flow u vanishes at the bottom boundary, and leads to du/dx < 0, du/dz > 0, and dw/dz > 0
within the recirculation zone (RZ). Within the mixing layer, du/dz < 0 and dw/dz < 0. No flow occurs
through the surface, and a rigid lid is assumed.
2 of 17
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tinguish it from a planar (free) shear layer, which is not
attached to bathymetry and does not exhibit recirculation.
[5] Efforts to measure entrainment, identify coherent structures, and characterize the mixing layer in the field continue to
be limited by instrument technology and logistical challenges.
Several studies have focused on the surface expression of
bottom‐generated boils, and have described their frequency
of occurrence and morphology [Jackson, 1976; Babakaiff
and Hickin, 1996]. Kostaschuk and Church [1993] use
backscatter from an echo sounder to visualize the entrainment
of sediment into coherent structures at the bed. Similarly,
Tedford et al. [2009] measure planar shear instabilities in
the stratified Fraser estuary using an echo sounder. A transecting Acoustic Doppler Velocity profiler (ADCP) is used
by Parsons et al. [2005] to map the mean velocity across a
dune field. Similarly, Kostaschuk [2000] uses measurements of velocity and optical backscatter near a large dune
(height of nearly 3 m) to characterize zones of separated
flow, recirculation, and reattachment. Venditti and Bauer
[2005] investigated mixing and turbulence in a dune field
using point measurements of velocity, from which they
conclude that Kelvin‐Helmholtz type instabilities contain the
largest turbulent kinetic energy, and occur directly downstream of separation.
[6] Here we investigate how processes that affect vortex
growth and development, such as stratification and the
proximity of the water surface, drive changes to the time‐
averaged mixing layer. In a planar shear layer, stratification
inhibits entrainment and vortex growth [Thorpe, 1971;
Strang and Fernando, 2001]; however, the effect of stratification in mixing layers is less studied. Studies also show
that vortex morphology is modified near the surface [Zhang
et al., 1999; Troiani et al., 2004], and that mixing layer
processes are affected by the presence of a boundary [Müller
and Gyr, 1986]. In estuaries such as the Snohomish both
stratification and the proximity of the water surface change
on a tidal and spring‐neap time scale. Hence we investigate
the effect of tidally varying stratification, velocity, and depth
on the development of the mixing layer, using measurements
obtained over a spring‐neap cycle.
[7] We use a moored, upward‐facing echo sounder to
image the mixing layer, exploiting the property that density
microstructure produces elevated backscatter [Seim et al.,
1995]. We also measure the vertical structure of density and
velocity, which allows for characterization of entrainment and
the mixing layer. These investigations are embedded within
a larger project (Coherent Structures in Rivers and Estuaries
Experiment (COHSTREX)), which aims to understand and
measure the surface expressions of boils using remote, in
situ, and numerical techniques. Chickadel et al. [2009] use
infrared video to show that cool boils sourced from denser,
cooler seawater erupt through relatively warm surface waters
in ebbing flow downstream of the constructed sill. The surfacing location of the boils is approximated using both an
idealized mixing layer model and an idealized vortex propagation model. The present contribution investigates the in situ
behavior and underlying physics of the same flow. Despite
complex bathymetry, we ascertain that flow patterns are
consistent with separated flow observed in laboratory and
numerical studies, and investigate these primary scientific
questions: (1) What is the effect of stratification on the
mixing layer and entrainment? (2) What is the effect of the
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free surface on the mixing layer, coherent structures, and
entrainment? We also evaluate the applicability of 2D formulations, well understood in the laboratory, to a field site
with complex bathymetry and flow patterns.

2. Study Details
2.1. Site
[8] The sill is located near the northern tip of Jetty Island
in the Snohomish River estuary, Washington, approximately
4 km upstream of its discharge into Puget Sound (Figure 1).
The estuary is forced with mixed semi‐diurnal tides, with
amplitudes of 0.5 m to 4 m that vary significantly due to the
diurnal inequality and the spring‐neap cycle. Freshwater
discharge averages 270 m3 s−1 annually, with a historical
daily range of 20 m3 s−1 to 5,000 m3 s−1, and typically
produces partially mixed estuarine conditions. Peak velocity
in the main channel varies from 1 to 2 m s−1.
[9] Over a two week period from 10 July 2006 to 21 July
2006 (Julian day 191–202), an array of in situ and remote
measurements were made to characterize the hydrographic
conditions of the river around the constructed, rocky sill
(Figure 1) [Chickadel et al., 2009]. Freshwater discharge
declined from 120 m3 s−1 to 80 m3 s−1 over the experiment,
which comprised most of a spring‐neap cycle. Our analysis
focuses on flow downstream of the sill, which is approximately 100 m long and extends from Jetty Island perpendicularly into the main river channel. Constructed with ∼1 m
diameter rip‐rap, the crest of the sill is ∼0.8 m above Mean‐
Lower‐Low water (MLLW). Portions of the sill have eroded
since initial construction, and large scour holes occur downstream of the largest gap and at the sill tip (Figure 1c).
Between these scour holes is a relatively undisturbed area.
During the ebb, flow typically approaches the sill at an angle
of 20–30 degrees.
[10] Measurements of velocity and backscatter were made
downstream of the sill over the spring‐neap cycle with an
in situ, upwards facing, cabled 600 kHz RDI‐ADCP and
200 kHz Biosonics echo sounder attached to a tripod frame
(Figure 2). The frame was secured and leveled by divers to
within 1 degree pitch and roll; however, between day 195–
196, the frame shifted to an equilibrium pitch and roll of
approximately 7 degrees and −9 degrees, respectively. The
ADCP was recorded in beam coordinates at 1 Hz in bins
of 0.25 m, while the echo sounder measured backscatter in
1.8 cm bins at a sampling frequency of 25 Hz. The instruments
were located 7 m downstream of the sill crest at an elevation
of 3.5 m below the sill crest. Infrared video observations of
the water surface were made from an observation tower
located on a barge ∼50 m from the location of the frame.
Velocity profiles and fixed measurements of surface, mid
water column, and near bed salinity, temperature, and density
were made approximately 300 m upstream of the sill along
the main channel. Finally, a boat mounted ADCP obtained
velocity data continuously over a 30 h period on day 193 and
194. This survey included sill parallel transects repeated in
20–40 min increments that were located between 10–25 m
downstream of the sill (see Figure 1c).
[11] On day 202 (21 July), 21 CTD casts were made
between 9:16 GMT and 12:50 GMT at approximately 10 min
intervals over the larger daily ebb. An optical backscatter
sensor (OBS) and fluorometer were attached to the SeaBird
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19+ CTD. Measurements were made from a boat held steady
in surface currents of up to 0.8 m s−1 at a distance of 5–10 m
from the sill crest. Because the casts are nearly co‐located
with the in situ measurements, these data are the most reliable
and detailed salinity and temperature data from the experiment. Comparison with the upstream density measurements
shows that the top‐bottom density difference in the lee of the
sill lags the upstream station by an average of approximately
50 min (+−10 min) on day 202. Similar measurements from
11 July show the same 50 min lag (M. Scully, personal
communication, 2007). Possible reasons for the time lag
include the complex flow patterns in the channel that bifurcates
around Jetty Island, as well as the flow dynamics around the
sill. Therefore, we first focus our analysis on the greater ebb
of day 202, and analyze the remaining data using the
upstream density with a 50 min time lag. Because sensitivity
studies show that Richardson number calculations (defined
in section 2.1) are dominated by variations to velocity, we
assume that error introduced by (unknown) variation in the
time lag over the spring‐neap cycle is small.
[12] Velocity data was post‐processed into a sill‐parallel
and sill‐perpendicular coordinate system using the ADCP
compass measurements, with adjustments made for the pitch
and roll. Echo sounder data was smoothed using a combination of averaging and 2D median filtering, which removed
outliers. A standard coordinate system is employed for all
data, with z = 0 at the sill crest and pointing upwards, and
x pointed upstream, perpendicularly to the sill.
2.2. Theoretical Preliminaries
[13] We investigate the mixing layer and coherent structures by using several tools to characterize mixing and
mixing boundaries. Important variables in the flow field
include the stratification Dr over the water column, the
height of the sill H, the along‐channel length of the sill B,
the cross‐sill flow velocity u, the depth of water over the sill,
h, and the channel depth d [see also Dewey et al., 2005]. The
radius of a typical vortex and its distance from the surface are
also dynamically relevant length‐scales [Zhang et al., 1999;
Troiani et al., 2004]. Though our site bathymetry contains
many three dimensional features (Figure 1), we simplify our
analysis to two dimensions in order to gain insight into the
physical processes immediately downstream of flow separation (i.e., at our tripod). Later, we test the applicability of this
assumption during ebbing flows and find that it reasonably
applies for H/d < 0.8 (or h > 1 m), after which transverse (sill‐
parallel) divergence become increasingly prominent.
[14] Strong vertical shear in the lee of the sill generates
coherent structures (vortices) and entrainment, resulting in a
time‐averaged mixing layer (Figure 2). The idealization of
the mixing layer as steady and two‐dimensional in the cross‐
sill and vertical directions allows valuable comparisons to be
made with laboratory studies. Near a sill, laboratory studies
show that along‐channel velocity varies linearly with depth
(∼constant du/dz) over much of the mixing layer [Kadota and
Nezu, 1999]. Downstream of the separation point x = 0, the
mixing layer thickness initially grows exponentially and then
grows linearly from approximately −0.2 < x/Xr < −0.5 [Deck
and Thorigny, 2007; Cherry et al., 1984]. Here, Xr is the
reattachment length and the x axis points upstream. In the
linear growth region the mixing layer expands with a half‐
angle b of 7.5–12.5 degrees relative to the centerline [Deck
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and Thorigny, 2007; Müller and Gyr, 1986], exceeding the
4.8 degree expansion rate observed in a classic planar
mixing layer above a quiescent layer [Ho and Huang, 1982].
The difference arises from the turbulent recirculation that
occurs in the separated mixing layer, but not the planar
mixing layer.
[15] To compare the field observations with these laboratory results we use acoustic backscatter to denote the
boundaries of the mixing layer, using the property that the
vigorous micro‐scale mixing of stratified water results in
elevated backscatter [Seim et al., 1995]. For comparison, we
also use three flow measurements to determine the lower
boundary of the mixing layer: u = 0, du/dz = 0, and dw/dz = 0.
In a 2D channel flow, the u = 0 criterion distinguishes
downstream flow from recirculation, the du/dz = 0 criterion is
the location of zero shear and turbulence production
(assuming negligible lateral and vertical gradients), and the
dw/dz = du/dx = 0 criterion is a location of zero divergence.
Physically the latter condition is an entrainment boundary,
with negative dw/dz indicating that vertical flow is converted into downstream flow, and positive dw/dz indicating
that horizontal (recirculating) flow is converted to vertical
(upwelling) flow. A more detailed discussion and validation
of the approach used to identify mixing boundaries is available in the auxiliary material.1
[16] We approximate the spatial growth of the mixing layer
with a trapezoidal control volume (Figure 2) that grows linearly in the downstream direction. Initially ignoring vortex
pairing, we assume that all the growth is from entrainment,
density effects are negligible in the mass balance, transverse
contributions (sill‐parallel) are negligible, and only vertical
flow enters the control volume from below or above. With
these approximations, the resulting idealized 2D mass balance reduces to

@ 
Uavg D  w1 þ w2 ¼ 0;
@x

ð1Þ

where D is the thickness of the mixing layer, Uavg is the
average horizontal velocity in the mixing layer, and w1 and
w2 are the entrainment flow at the boundaries (note that
negative w2 implies flow into the mixing layer, as depicted
in Figure 2). The first term in equation (1) simplifies to
Uavg@D
@x (see auxiliary material for more detail) resulting in
@D
W

;
@x Uavg

ð2Þ

where W = w1 − w2 is the total entrainment into the mixing
layer. Equation (2) has a similar functional form to other
entrainment phenomena such as the growth of a dense gravity
current [e.g., Princevac et al., 2005]. In practice, entrainment and engulfment only account for approximately half
of the growth in a mixing layer [Müller and Gyr, 1986],
while vortex pairing accounts for the other half. In other
words, the other half of the layer growth occurs from velocity
fluctuations with no mean vertical component. To compare
1
Auxiliary materials are available in the HTML. doi:10.1029/
2009JC005467.
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mixing layer growth with averaged velocity measurements
of entrainment, we therefore define an entrainment ratio, ET,
which accounts for this factor of 0.5
ET  0:5

dD
:
dx

ð3Þ

This ratio is approximated from the observed growth in the
mixing layer, i.e., @D
@x ∼ D/L. In laboratory experiments Müller
and Gyr [1986] report spread angles from 15 to 25 degrees,
which equate to values of ET from 0.12 to 0.22 based on
equation (3).
[17] A second entrainment ratio estimate is found using
the ratio of measured velocities in the recirculation and
mixing layers. The average upwards entrainment velocity,
w1, is approximated as the vertically integrated return flow
in the recirculation zone, normalized by the distance to sill,
L. This yields an entrainment ratio for the lower boundary as
follows:
ELB ¼

1
LUavg

ZhLB
udz;

ð4Þ

H

where hLB is the lower boundary of the mixing layer. If
w1 = −w2 (Figure 2), ELB would be approximately half the
entrainment ET.
[18] To investigate the effect of stratification on the
mixing layer growth and entrainment, we apply the gradient
Richardson number
g d
 dz

o
Rig ¼  .
2 ;

du

ð5Þ
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smaller than H and likely exerts an influence on the length‐
scale of turbulent motions within the mixing layer. From Dr,
Uo, and the length‐scale h we construct a bulk Richardson
number that serves as a proxy for the competing effects of
mixing and stratification
Rih ¼

Dgh
:
Uo2

ð6Þ

Scaling also suggests that the ratios H/d and H/B may affect
flow dynamics downstream of the sill. Since H/B is fixed, our
analysis focuses on the ratio H/d and the bulk Richardson
number, i.e., on f(H/d, Rih). As the depth of flow over the sill
becomes small (h  1 m), the unstratified open‐channel
o ﬃ
may also become important.
Froude number Fr = pUﬃﬃﬃ
gh

[20] In planar shear layers and gravity flows, stratification
reduces entrainment and the growth rate of shear layers and
the resulting entrainment ratio E is often parameterized as
E ¼ a1 Rin
b ;

ð7Þ

where a1 is an exponent, n is a coefficient between 0.5 and
2.5, and Rib is a bulk Richardson number defined using the
thickness of the turbulent layer into which fluid is entrained
[Morton et al., 1956; Christodoulou, 1986; Fernando, 1991;
Strang and Fernando, 2001]. Significant debate remains
about the correct functional form of entrainment and the
exponent n during stratified conditions [Fernando, 1991;
Cortesi et al., 1999]. Nonetheless, we test this hypothesis
for mixing layers in section 3.4, using our definition of the
bulk Richardson number and the relationship between dD/dx
and ET.

3. Results

dz

where g is gravity, ro is a reference density, dr/dz is the local
vertical density gradient, and du/dz is the vertical shear of the
horizontal velocity. Following other studies [e.g., Holt et al.,
1992; Stacey et al., 1999a], Rig > 0.25 indicates stratification
dominated conditions, while Rig < 0.25 indicates that turbulent mixing can be generated by the mean shear. We note,
however, that a value of Rig < 0.25 is a necessary (but not
sufficient) condition for interfacial instability, and therefore
for mixing [Thorpe, 1969; Fringer and Street, 2003]. To
better ascertain mixing and turbulence conditions, we also
apply the variance method described by Stacey et al. [1999b],
to estimate Reynolds stress (u0 w0 ), turbulent kinetic energy
(TKE, q2 = u0 2 + v0 2 + w0 2 ), and cross‐sill turbulence production (P = −u0 w0 du
dz ). These data are processed using a
10 min averaging period.
[19] The Rig calculation requires detailed profiles of density,
which are only available on day 202. Hence we define another
non‐dimensional group using the top to bottom density difference observed upstream of the sill, Dr. Further, we
hypothesize that the ratio of surface velocity Uo and the
depth h over the sill (i.e., Uo/h) provides a reasonable scale
for the average shear, particularly when the mixing layer of
thickness D extends to near the surface and velocity varies
linearly (see section 3) [see also Chickadel et al., 2009].
Note that if h  H, the scaling Uo/h underestimates the
actual scale of shear in the mixing layer of width D, and may
not be applicable. In our study, however, the length‐scale h is

[21] We investigate the mixing layer and coherent structures at the sill by focusing on two aspects of flow behavior.
First, we investigate the structure of the flow behind the
sill on a time scale much larger than individual coherent
structures. We establish that the macro‐features of the flow
are consistent with a mixing layer that grows downstream of
the point of flow‐separation, and investigate the influence
of water level, flow speed, density stratification, and lateral
(sill‐parallel) flow gradients on the development of the
mixing layer. After generalizing results over the spring‐neap
cycle, we then investigate the occurrence and evolution of
individual coherent structures over a typical ebb.
3.1. Mixing Layer Generated by Tidal Flow Within
the Estuarine Salt Wedge
[22] Water level, flow, and density vary over spring‐neap
and semidiurnal time scales in the Snohomish (Figure 3).
Peak ebb currents range from 0.4 to 1.0 m s−1 upstream of
the sill (station M3A) and from 0.2 to 1.0 m s−1 downstream
of the sill. The semi‐diurnal inequality during spring periods
produces a tidal range of 0.5 m to 4 m, while the neap tidal
range varies from 2 to 3 m (roughly day 196–199). Overall,
the sill is less likely to be exposed during the neap period. A
salt wedge with a peak stratification of 13–18 psu (maximum
on day 200) advects past the sensors and adjusts to spring‐
neap forcing. During the greater daily ebb, stratification is
typically largest during HW and decreases over time, with
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Figure 3. (a) Along channel currents at station M3A (m s−1), (b) top to bottom density difference at
upstream station M3A (kg m−3), and (c) cross‐sill currents (m s−1) over the duration of the sill deployment.
Downstream (ebb) velocities are negative. In Figure 3b, each ebb is shaded and labeled sequentially, T1
through T21. The density difference is time shifted by 50 min to account for the salt‐wedge lag between
M3A and the sill. The sill crest elevation (z = 0) is indicated by a dotted line. Time is measured in
Julian Day (1 January is day 1), referenced to GMT.
well‐mixed conditions occurring by LW (e.g., tides T2, T4, T6,
T8, T10, T12, T15, T17, T19, and T21, defined by the shaded
regions in Figure 3b). The reverse (increasing stratification)
occurs during the lesser daily ebb (e.g., tides T1, T3, T5, T7,
T9, T14, T16, T18 and T20), with some ebb periods exhibiting
both patterns (particularly tides T11 and T13). The dynamics
of the lesser daily ebb are stratification dominated, and no
mixing layer is observed. Hence we focus on the greater
daily ebb in our analysis.
[23] Cross‐sill velocity, vertical velocity, density anomaly,
and the acoustic backscatter downstream of the sill for T21 are
representative of the greater ebbs during this study (Figure 4).
Flow typically forms a two‐layer structure, ebbing in the top
layer and recirculating upstream toward the sill in the lower
layer. The boundary between downstream and upstream flow,
u = 0, fluctuates over time, dropping more than a meter over
the first 1.5 h after HW, rebounding to z ∼ 0, and declining
to z = −1.5 m over the subsequent 3 h of the ebb (Figure 4a).
Though shifted upwards, a similar progression occurs with
the w = 0 m s−1 contour (Figure 4b), and represents a convergence of upwelling from below and downwelling from
above (magnitude 0.01–0.05 m s−1). This convergence is also
observed in the thin layer of elevated acoustic backscatter
between 0.5 and 1.5 h (Figure 4d). Stratification rapidly
decreases between t = 2.5 hrs and t = 3.5 h (Figure 5c),
from a vertical density difference of 10–14 psu over the
first 2.5 h to less than 1 psu at t = 3.5 h. Over the same
period, acoustic backscatter in the upper water column (above
z ∼ −1 m) is elevated (Figure 4d) and both recirculation and
upwelling velocity increase markedly. We show shortly that
the region of elevated backscatter corresponds to coherent

structures embedded in the sheared flow. Around t ∼ 2 h, a
thin lens of Rig < 0.25 develops at z = 1 m, as depicted by a
contour line in Figures 4c and 4d. Over time this Rig = 0.25
boundary trends downward and mirrors both the trend in the
u = 0 contour and the elevated backscatter above a value of
approximately 7.5 log‐counts (note that the Rig = 0.1 contour, not shown, follows virtually the same line). Surface
boils are observed to begin at 1.7 h about 15–20 m downstream of the tripod in surface infrared measurements. Over
time, these surface expressions of coherent structures erupt
closer to the sill, and occur over the tripod location at 2.5 h
[see also Chickadel et al., 2009].
[24] The increasing velocity and decreasing stratification
over the ebb cause tidal variation in shear, turbulence, mixing,
and turbulence production (Figure 5). We present data from
ebb T6 to avoid bias caused by tripod tilt later in the study;
however, results from tide T21, which correspond to Figure 4,
are qualitatively similar and are included in the auxiliary
material for completeness. The separation induced at the sill
crest produces significant shear (S = du/dz) in the upper water
column (Figure 5a), with the vertical location of maximum
shear trending downward over time and the magnitude following trends in tidal velocity. Turbulent kinetic energy and
Reynolds stress show a similar progression, with an initial
lens of elevated turbulence and mixing (0 < z < 0.5 m)
expanding over time to encompass more of the water column.
We note that the TKE and Reynolds stress estimates are
subject to a number of assumptions [see Stacey et al., 1999b],
and that elevated velocity variance may in part be induced
by vertical density gradients. Nonetheless, the downward
trajectory of elevated TKE and Reynolds stress and their
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Figure 4. (a) Horizontal, cross‐sill velocity; (b) vertical velocity; (c) density anomaly from freshwater st;
and (d) acoustic backscatter from day 202. The start of boiling as observed in infrared video both downstream of the measurement tripod and at the tripod are labeled in Figure 4a. The u = 0 contour of cross‐sill
velocity is depicted in Figure 4a, and the w = 0 contour of vertical velocity is depicted in black and red in
Figures 4b and 4d, respectively. The Richardson number Rig = 0.25 is depicted in Figures 4c and 4d by a
solid black line; to the right of the solid line, Rig < 0.25. Time is measured in hours since HW. The sill crest
elevation (z = 0) is depicted by a dashed line. Triangles in Figure 4c depict the timing of the 21 CTD‐OBS
casts. Backscatter units are in log (counts).

Figure 5. Estimates of (a) shear, (b) turbulent kinetic energy, (c) Reynolds stress, and (d) turbulence
production for day 194, with t = 0 h defined as High Water. The du/dz = 0 contour over a 20 min average
is depicted (gray line with squares).
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Figure 6. Profiles from day 202 of (a) horizontal velocity and (b) vertical velocity between 1.5 h and
4.2 h after HW, and (c) acoustic backscatter from the Biosonics echo sounder over a 6 min time period
between 2.5 and 3 h. The solid and dashed contours in Figure 6a correspond to the u = 0 and du/dz = 0
contours, and the dash‐dotted and dashed contour in Figure 6b correspond with the w = 0 and dw/dz = 0
contours. Profiles of 1 min averaged vertical velocity (dark line) and cross‐sill velocity are depicted in
Figure 6c. The zero velocity is shown with a vertical dashed line. Vertical and horizontal velocity scales
are unequal.
increasing magnitude over time is consistent with trends
observed in elevated acoustic backscatter (Figure 4d) and
shear (Figure 5a).
[25] The estimate of turbulence production (Figure 5d)
further confirms that turbulent motions occur in the upper
water column as shear increases and stratification decreases.
Until approximately 1.5–2 h after high tide, TKE production
is small or negligible, indicating stratification‐dominated
conditions. After 2 h, a lens of elevated TKE production is
observed above z = 0 m. After 2.5 h, production of TKE
becomes vigorous and encompasses more of the upper water
column. The results point to a turbulent, mixing layer above
the du/dz = 0 contour. Below the du/dz = 0 contour, production is negligible (near zero) or negative over much of
the ebb, a consequence of both positive shear and Reynolds
stress (Figures 5a and 5c). Hence the line of zero cross‐sill
shear (du/dz = 0) may separates zones of turbulence production (above) from removal (below), and can be interpreted as the lower boundary of turbulent motions induced
by separated flow. Because the production of turbulence in
the transverse direction (Py = −v0 w0 dv
dz) is smaller than the
cross‐sill component (<10% of Px), the du/dz = 0 contour is
also the approximate line of zero turbulence production.
[26] We divide the flow dynamics observed in Figures 4
and 5, which are representative of flows for all the spring‐
tide ebbs, into two physical regimes. In the first 1.5–2 h after
high tide, stratification dominates the dynamics (Rig > 0.25),
and the elevated backscatter interface and variations in the
u = 0 m s−1 and w = 0 m s−1 contour likely represent the
effects of internal hydraulic control [Farmer and Armi, 1999;

Dewey et al., 2005]. A full characterization of these dynamics
is outside the scope of this contribution; instead, we focus
now on the flow observed at the sill after t = 2 h, which is
characterized by flow separation off the sill crest, recirculation in the lower layer, and entrainment into a turbulent
mixing layer in which Rig < 0.25. The flow thus exhibits the
structure of a mixing layer as described in Figure 2. Changes
to the u = 0 m s−1 and w = 0 m s−1 contours suggests vertical
variation in the trajectory of the mixing layer. The expanding
zone of mixing after t = 2 h, as suggested by the Rig = 0.25
contour, elevated backscatter, and the production of turbulence, suggests a decreasing effect of stratification.
[27] Further evidence of a well‐developed mixing layer
that varies over time is shown in profiles of the 20 min.
averaged horizontal (cross‐sill component) and vertical
velocity after t = 1.5 h on day 202 (Figure 6). In the upper
water column (z > −1 m), horizontal and vertical velocity
exhibit regions of linear variation, much like the horizontal
velocity profiles observed in laboratory mixing layers [e.g.,
Kadota and Nezu, 1999]. The vertical profiles of salinity also
exhibit a constant gradient region that coincides approximately with the uniform shear region (see auxiliary material).
Note that the lower extent of uniform shear approximately
coincides with the three markers for the lower mixing
boundary (section 2.1), namely u = 0, du/dz = 0, and dw/dz = 0.
This mixing region expands and moves downward over
time. Changes in the profiles and the mixing boundary occur
gradually, and confirm that flow is quasi‐stationary (steady)
over the averaging period. It is interesting to note that the
boundary of the mixing region suggested by the du/dz = 0 and
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Figure 7. The time evolution on day 202 of the center of (a) the mixing layer (ML) and its upper and
lower boundaries, (b) the width of the ML, (c) the angle of spread (relative to the centerline) and the angle
of the centerline with the horizontal (origin at sill crest), (d) the lower boundary entrainment ELB, (e) the
top‐bottom density difference, and (f) the sill‐depth based bulk Richardson number Rih. The half‐angle
spread measured by Müller and Gyr [1986] for an idealized, 2D laboratory sill is shown by the dashed
lines in Figure 7c. The start of boiling and the time period of boiling over the tripod (as observed in the
infrared video) is depicted by arrows.
dw/dz = 0 contours and by the turbulence statistics in Figure 5
extends down into the recirculating flow (below the u = 0
contour).
[28] Embedded within the upper water column are repeating structures of high and low acoustic backscatter, as imaged
in a 6 min time period (Figure 6c). These coherent diagonal
patterns of alternating high and low backscatter coincide with
the constant shear region in the upper water column, and are
restricted to the region above the u = 0 contour. We suggest
that the fluctuations are evidence of O(1m) vortices caused
by Kelvin‐Helmholtz‐like instabilities, which generate elevated acoustic backscatter as a result of associated small‐
scale mixing [e.g., Seim et al., 1995]. The lowest extent of
the high‐return zone coincides roughly with the du/dz = 0
and dw/dz = 0 contours. The w = 0 contour (black dashed
line) approximately bisects the center of the elevated backscatter before t = 3 h, as would occur in an idealized 2D
mixing layer with equal entrainment from upper and lower
boundaries. The observations in Figures 4–6 confirm that the
variation in acoustic backscatter can be used as a proxy for
the mixing layer, hence providing higher resolution results
that extend to the water surface (unlike the ADCP velocity
measurement, which cannot accurately measure very near
the surface). When stratification disappears and H/d (sill
height to water depth ratio) approaches unity, fluctuations in
backscatter appear to correlate more with optical backscatter
than with turbulent motions, suggesting that bubbles or
suspended sediment are the dominant signal (e.g., between 4
and 5 h in Figure 4d). Nonetheless, vertical variations in
these quantities also help denote the boundary between

separated flow and the recirculation layer. See section S2 of
the Text S1 for more information.
3.2. Tidal Variation in Mixing Layer and Entrainment
[29] We next examine the characteristics of the mixing
layer for the greater ebb on day 202 (Figure 7), focusing on
the mixing layer total thickness, trajectory, spread, and the
lower boundary entrainment (equation (4)). These results
quantitatively confirm many of the trends observed in
Figures 4–6. The bounds of the mixing layer were defined by
manually estimating the zone of elevated backscatter in 1 min
intervals. Entrainment is presented as a 20 min average.
[30] From t = 1.6 h to 2.5 h, the mixing layer is angled
upwards from the sill with a centerline angle a ∼ 10 degrees,
but exhibits a small spread D of 0.5 m–1.5 m, or equivalently a half‐angle spread b < 7.5 degrees (Figures 7a–7c).
Boils are observed to begin 15–20 m downstream of the in
situ tripod soon after the initiation of the mixing layer (t =
1.7 h), which suggests a connection to coherent structures
within the mixing layer [see Chickadel et al., 2009]. Over
time, the mixing layer expands and intersects the water surface at t = 2.3 h, after which boils are observed to occur over
the tripod location (t = 2.5 h). As water level decreases, the
bottom boundary of the mixing layer continues plunging
downward and the mixing layer expands to a maximum
thickness of nearly 3 m at t = 2.8 h (Figure 7b). This maximum thickness corresponds both with the maximum ebb
velocity and a decrease in stratification as the salt wedge
passes (Figure 7e). As water depth continues to fall, the
thickness of the mixing layer decreases and the centerline of
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Figure 8. Onset of three dimensionality during the greater ebb of day 194, with t = 0 h defined at High
Water. The 1 min averaged (a) cross‐sill velocity u(z, t) and (b) sill‐parallel velocity v(z, t) (positive
toward the channel) at the tripod. (c–h) Velocity components u(y, z) and v(y, z) from boat mounted ADCP
transects at times A, B, and C defined in Figures 8a and 8b. The boat tracks from transect (‘tr’) A, B and C
are shown in Figure 1. The black triangle at y = 20.4 m indicates the tripod location along the transect.
The vertical dashed line in Figures 8c–8h between y = 5–15 m depicts the approximate boundary between
jet flow and recirculating flow (see section 3.3).
the mixing layer approaches the neutral height of z = 0 m
(i.e., the crest of the sill). For much of the remainder of the
ebb, the half‐thickness expansion angle (D/2L) observed in
the mixing layer falls within the bounds measured by Müller
and Gyr [1986], with the greatest spread angle of 11.4 degrees
occurring during the period of the maximum ebb velocity.
[31] Entrainment from the lower layer (equation (4))
increases during the ebb from 0.05 to 0.15, with a particularly
steep increase around t = 3.5 h (Figure 7d). Before t = 3 h,
increasing entrainment coincides with the increasing thickness of the mixing layer, increasing tidal velocity, and
decreasing stratification. This combination of variables suggests a bulk Richardson number dependence, which is
depicted in Figure 7f and further explored in section 3.4.
After t = 3 h, the variation in the entrainment ratio opposes
the flow trends, and ELB increases despite decreasing D and
Uo. The entrainment after 3 h may increase because flow
around the sill becomes more three‐dimensional as the water
level approaches the sill height. Alternately, the free surface
may increasingly constrain the growth of vortices (leading
to smaller D) and change the pattern of recirculation and
entrainment. These factors are explored in sections 3.3 and 3.4.
3.3. Transition to Three‐Dimensional Flow
[32] When flow is relatively deep and stratified (e.g., for
t < 3 h on day 202), we observe that the mean flow patterns at the measurement tripod are well described by a
two‐dimensional mixing layer model. The expansion angle
of the mixing layer is consistent with 2D laboratory results,
and production in the sill parallel direction is less than 10%

of the cross‐sill component, suggesting that sill‐parallel
processes are not first order effects at the tripod. The sill‐
parallel flow component, however, could be dynamically
relevant if sill‐parallel shear terms such as dv/dy become
comparable in magnitude to vertical and sill‐perpendicular
components. In this case they could produce convergence or
divergence patterns that modify entrainment. To address the
importance of lateral processes, we investigate the spatial
pattern of flow around the sill over time, using tripod data,
transect data, and maps of the standard deviation of each
pixel from infrared video data at the surface from day 194
(Figures 8 and 9).
[33] Flow typically approaches the sill from upstream at an
angle of 20 to 30 degrees (Figure 1), resulting in a component
of surface flow toward Jetty Island in the lee of the sill. This
is observed in both tripod data (Figure 8b), transect data
(Figures 8d, 8f, and 8h), and from streak lines in the IR
maps (Figures 9a–9c). The streak lines depict the pathway of
temperature disturbances with large variance such as boils
over 20 s time periods. For much of the ebb, the surface flow
observed in streak lines is nearly parallel, suggesting homogenous forcing conditions along the sill crest (Figure 9a) with
negligible divergence. Not until h is less than 1 m is significant divergence of greater than 20 degrees observed in the
surface flow near the tripod. At this time, streak lines begin
diverging around the 12 m long sill crest maximum located
between y = 15 m and y = 27 m, with angles becoming progressively larger (Figures 9b and 9c). Near surface divergence
is then also observed in the cross‐sectional transect when
h < 1 m, with sill‐parallel flow directed in opposite directions
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Figure 9. (a–c) The standard deviation of infrared video over 20 s increments (40 frames) for three different times. (d) Estimates of spatial velocity gradients du/dx and dv/dy, and (e) their ratio. In Figures 9a–9c,
blue coloring indicates small variance and red coloring denotes large variance over the time period, and
indicates the pathway of surface temperature disturbances (such as boils). These pathways are depicted
with straight dashed lines with the corresponding angle to the sill‐perpendicular direction. The
corresponding flow vector from the tripod (depicted by a gray circle) is also shown. The bathymetry contour of the sill (relative to Mean Low‐Low Water) is also depicted. The crest of the sill, which we define as
z = 0 m in our analysis, is located 0.8 m above Mean‐Low‐Low Water.
at y ∼ 25 m (Figure 8h). The above evidence suggests that
lateral divergence is not important in the sill flow at the
tripod until depth decreases below ∼1 m. This corresponds
to a relative sill height of H/d > 0.8 and occurs approximately 3 h after HW on day 194.
[34] In order to evaluate the error introduced into our 2D
entrainment estimates, we estimate the relative importance
of the lateral shear in the lower layer recirculating flow. This
is inferred by scaling the magnitude of both sill‐parallel and
sill‐perpendicular velocity gradients (du/dx and dv/dy). Tripod data shows that the recirculating flow is oriented at an
angle of 20–30 degrees relative to a sill‐normal direction,
approximately parallel to the surface layer flow, and suggests
the mixing layer develops with this orientation (Figures 8a
and 8b). Moreover, the cross‐sectional transects show two
layer flow over a significant lateral area well downstream of
the tripod, consistent with the 2D mixing layer hypothesis
(Figures 8c, 8e, and 8g). However, the cross‐sectional transects
also depict jet‐like flow through the gap in the sill (see
Figure 1c) with recirculation cells and entrainment evident
(Figures 8c–8h). The gap jet is oriented away from the
tripod and centered at y < −5 m for much of the greater ebb
(Figures 8c and 8e), but moves toward the tripod to y = 5 m
near the onset of three dimensionality (Figure 8g). Because
the jet flow is oriented toward the shore (negative v) but the
recirculating flow in the mixing layer is oriented toward the
channel (positive v), a lateral shear dv/dy is generated. We
scale this shear as V/Ly, where V is the average lateral flow in
the recirculation layer at the tripod and Ly is the lateral distance from the tripod to the jet boundary, the distance over

which flow is likely to change. Similarly, we scale the
gradient du/dx as U/L, where U is the average sill‐ward flow
in the recirculation layer and L is the distance to the sill.
[35] The jet boundary for defining Ly is defined as the
divergence point (v ∼ 0) which separates negative flow into
the jet and positive flow into the mixing layer, and is estimated from the cross‐sectional transects. A small correction
is made to account for the growth of the jet and its lateral
displacement over the x‐distance between the tripod and
the boat transect. Based on this analysis, we estimate the
length scale Ly to be 12 m ± 2.5 m until approximately
t = 3 h (Figures 8c and 8e), at which point the jet moves closer
to the tripod and the scale reduces to 7 ± 2 m (Figure 8g). An
independent estimate of the location of the divergence point
is determined from the IR streak lines, which occur over the
zone of mixing layer influence. This analysis also indicates
that the length‐scale Ly from the tripod to the boundary of the
streak lines changes from approximately 12 m (Figure 9a) to
approximately 8 m (Figure 9b).
[36] The scales for the lateral and cross‐sill velocity gradients scales are compared in Figures 9d and 9e, and show
that the cross‐sill gradient dominates over much of the ebb
tide and is thus the first order influence on dynamics. The
lateral gradient is approximately 20% of the longitudinal
gradient early in the ebb, but increases to approximately
30% by t = 3.5 h, when the flow is observed to transition
from a two‐ to a three‐dimensional mean flow. Four hours
after HW the lateral gradient exceeds the longitudinal gradient and the flow is fully three‐dimensional. This lateral
divergence may contribute to a thinning of the mixing layer D
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Figure 10. Scatterplot of entrainment ratio ET versus the square root of the reciprocal bulk Richardson
number Rih for different tidal periods. A least squares fit is overlaid, and the slope a1 is displayed. Data
points not used in the fit are shown by a plus, and depict dynamic conditions in which the bulk Richardson
number does not appear to control dynamics (see text). The number of each tide is labeled in the legend, as
defined in Figure 4.
and/or increased entrainment and bias our entrainment and
mixing layer growth estimates by as much as 20–30% prior
to the transition to fully three‐dimensional flow.
[37] Based on the above analyses and inspection of the IR
field during other spring ebbs, we hypothesize that h ∼ 1 m
(H/d = 0.8) forms a transition toward increasingly 3D conditions. When h > 1 m, both the sheltered position of the in
situ measurements near the midsection of the sill crest and the
shoreward jet trajectory support the conclusion that flow
patterns measured at the tripod are relatively homogenous in
the lateral direction, and amenable to interpretation with the
2D flow model outlined in section 2.1.
3.4. Variations in Mixing Layer and Entrainment
From Stratification and Water Depth
[38] The observed expansion of the mixing layer in time
(Figure 7b) must be associated with entrainment of fluid
from outside the mixing layer. Entrainment from above the
mixing layer is expected to be limited by the proximity of
the water surface, while entrainment from either side is
expected to be limited by stratification. In this section we
investigate variations in entrainment and mixing layer expansion over multiple tides. We focus on two non‐dimensional
variables that vary over the tidal period and capture the effect
of changing water level, flow, and stratification, namely the
ratio H/d and the bulk Richardson number Rih.
[39] Observations on day 202 suggest that mixing layer
width (D) and the entrainment ratio (ELB) increase with
decreasing bulk Richardson number Rih (see Figures 7b, 7d,
and 7f). This observation is confirmed by the data presented
in Figure 10, which show that the entrainment ratio ET
(equation (3)) measured during 8 ebbs increases approxi-

(equation (6)) until approximately linearly with Ri−1/2
h
= 2 to 3.5. A least squares fit to these periods
mately Ri−1/2
h
yields an R2 coefficient between 0.5 and 0.86 for most
periods, with an outlier of R2 = 0.36. The average slope a1 is
0.066, with a standard deviation of 0.025 (range 0.03 to
0.108). The slopes, which represent the coefficient relating
entrainment and bulk Richardson number (equation (7)),
vary considerably between tides. It is possible that the
under‐resolved density profiles contribute to the range of
observed slopes, since Strang and Fernando [2001] found
up to a 50% difference in entrainment between linearly
stratified and two layer flows. Similarly, the free surface
may exert an independent control on the mixing layer
expansion. Unsteadiness in velocity or density may cause
scatter. Finally, although we chose h to be analogous to the
thickness of the turbulent layer used in the Morton et al.
[1956] entrainment model, it is possible that another length‐
scale may better characterize the expanding mixing layer.
[40] Nonetheless, our results suggest that equation (7) can
model entrainment into stratified mixing layers behind a sill
to first order. Using the bulk Richardson number for the
depth of flow over the sill, and letting a1 = 0.07 and n = 0.5,
this yields
1

ET ¼ 0:07Rib 2 :

ð8Þ

This relationship holds from approximately Rih = 0.1 to
= 0.6), we
Rih = 2.8 (Figure 10). Above Rih = 2.8 (Ri−1/2
h
do not observe a mixing layer in the backscatter; below
= 3.3) the parameterization
approximately Rih = 0.1 (Ri−1/2
h
in equation (8) is not supported by data and conditions are
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Figure 11. Scatterplot of the position of (a) the u = 0 contour, (b) the du/dz = 0 contour, and (c) the
dw/dz = 0 contour as a function of H/d, where H is the sill height and d is the water depth. Each data point
represents a 20 min average from the labeled tidal period, and is obtained during time periods with a visible
mixing layer.
effectively unstratified. Indeed, ET in Figure 10 is observed
increases above 3 in
to remain flat or decrease as Ri−1/2
h
many cases (e.g., tides T8, T10, and T21).
[41] Summarizing data from many studies, Christodoulou
[1986] suggested that between a bulk Richardson number
of 0.5–1, the coefficient n = 0.5 is an reasonable fit to
equation (7), while Fernando [1991] show validity down to
Rib < 0.1. Our upper bound Rih estimate roughly corresponds
to the magnitude suggested by Strang and Fernando [2001],
who found that Kelvin‐Helmholtz (K‐H) type billows
occurred for Rib < 5. Hence, our approximation of the coefficient n and our range of validity for a mixing layer is consistent with earlier studies of planar shear layers.
[42] At the transition to unstratified inertially dominated
conditions given by Rih = 0.1, the entrainment estimate of
ET = 0.22 that results from equation (8) above is consistent
with the range of 0.12–0.22 reported by Müller and Gyr
[1986] for unstratified mixing layers. The bias toward the
higher end of the previously reported range may result from
sill parallel (lateral) divergence at our site, which may
contribute to enhanced entrainment on the order of 20–
30%. Nonetheless, comparison with the laboratory data
provides corroboration for our entrainment results, and suggests that the lateral contribution is secondary. Interestingly,
our observed slope of a1 ∼ 0.07 in equation (8) is an order
of magnitude greater than the value of 0.007 estimated by
Christodoulou [1986] for a stratified planar (free) shear
layer. This highlights the difference in mixing and growth
between a sill‐produced mixing layer and a planar shear
layer under stratified conditions. A similar observation is made
during unstratified conditions; the entrainment ratio of a planar
shear layer is typically measured as a constant between 0.02–
0.07 [Christodoulou, 1986; Strang and Fernando, 2001],
which is a factor of 2 to 10 less than the growth of 0.12–

0.22 reported by Müller and Gyr [1986] for an unstratified
mixing layer.
[43] In addition to stratification, mixing layer growth and
trajectory may be controlled by the ratio H/d, particularly
when Rih < 0.1 and stratification is no longer the relevant
controlling parameter. We investigate this in Figure 11,
which shows scatterplots of the lower boundary hlb of the
mixing layer versus the ratio H/d, using data from eight
greater ebbs and defining hlb using the u = 0, du/dz = 0, and
dw/dz = 0 criterion. These data show that hlb migrates
downward by 0.6 m–0.8 m between H/d = 0.7 and H/d = 0.9,
depending on the measurement criterion. Hence, the trajectory of the mixing layer is steadily pushed downward, likely
because the water surface and depth d decrease by 1.3 m over
the same range of H/d. Because d decreases more quickly
than hlb, the mixing layer thickness becomes smaller. This
is reflected in the decreasing ET ratio (Figure 12a).
[44] The squeezing of the mixing layer as depth decreases
(Figure 11) coincides with an opposing trend in ELB, the
entrainment ratio based on recirculating flow (equation (4)).
Figure 12b shows that ELB is approximately constant (0.07 <
ELB < 0.1) for H/d less than 0.75–0.8 (h > 1.0 m). As stated
above, this ratio is consistent with the total entrainment of
E T = 0.12–0.22 derived from Müller and Gyr’s [1986]
laboratory measurements, assuming that the lower boundary entrainment ELB is half of the total. For H/d ratios above
0.8–0.85, ELB increases to as much as 0.3, suggesting that
proportionally more fluid is being entrained into the mixing
layer from the recirculation zone. This is also evidenced by
the increasing upwards vertical velocity during the later ebb
in Figure 4b. Conversely, the expansion of the mixing layer
(as observed by the total entrainment into the mixing layer,
ET) decreases for H/d > 0.7–0.75, from a maximum of ∼0.2
down toward range of 0.13–0.15 for H/d ∼ 0.82 (Figure 12a).
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Figure 12. Scatterplot of the entrainment ratio (a) ET and (b) ELB versus the ratio of sill height H to
measured depth d for assorted greater daily ebbs. The shaded gray area depicts a parameter range with
increasing 3D effects. Low energy neap period ebbs (T11 − T14) are not considered. For Figure 12a, data
acquisition problems precluded tide T15 and T17 from being analyzed. Similar problems precluded tide T2
from Figure 12b.
There is increasing scatter for H/d > 0.82, possibly due to
the increasing influence of lateral processes.
[45] The decrease in mixing layer width as depth decreases
may be interpreted in terms of the effect of the free surface
on coherent structures within the mixing layer. When
vortices approach to within a radius of the surface, Zhang
et al. [1999] and Troiani et al. [2004] show that the kinematic
boundary condition begins to cause progressive flattening in
the vortices. Under potential flow conditions, this takes the
form of a mirror vortex located above the surface. The vertical
velocity must also diminish toward zero at the surface.
[46] As the mixing layer approaches the surface, we
therefore speculate that entrainment patterns may shift due
to the kinematic boundary condition. For H/d < ∼0.75, the
ratio ELB/ET is roughly 0.5 (see Figure 12) which suggests
that approximately half the mixing layer expansion is
occurring from the lower boundary, and half from the upper
boundary. Qualitatively, this is consistent with the observation that the w = 0 contour (see Figures 4b and 6) roughly
bisects the mixing layer until t ∼ 3.3 h (h ∼ 1.5 m) and
suggests symmetrical entrainment from above and below.
The magnitudes of upward and downward velocities are also
similar. Later in the tide, the w = 0 contour disappears, and
only upwelling is observed, notwithstanding the upper
∼0.7 m near the surface that is not measured. A switch from
symmetrical growth to growth derived from only recirculation could explain the increased ELB, while the decreasing
mixing layer thickness D and total entrainment ET could be
related to the flattening of vortices as H/d increases. Evidence of the changes to the morphology of the coherent
structures is presented in section 3.5. Because the influence
of the free surface on the mixing layer occurs at approximately the same time as the flow appears to transition to three
dimensional flow, it is impossible to isolate the effects of the
free surface entirely. As described in section 3.3, it is likely

that there is an additional contribution to lower boundary
entrainment due to lateral velocity gradients later in the ebb,
which may bias vertical entrainment estimates based on U/L
upwards. Nonetheless, the observed changes to the mixing
layer as depth decreases—downward movement of the
trajectory, reduced growth from above–are consistent with
the alteration of coherent structures by the surface boundary.
This is investigated in section 3.5.
3.5. Coherent Structures
[47] Embedded coherent structures have long been identified as critical to the behavior and dynamics of shear layers
[Brown and Roshko, 1974]. They are associated with the
expansion of the layer via vortex paring and entrainment
[Müller and Gyr, 1986]. As described earlier, the trajectory
and spread of the mixing layer reacts to changes in stratification (bulk or gradient Richardson number) and the depth
of water over the sill. These variations imply that entrainment
patterns and the coherent structures (vortices) embedded
within the mixing layer have changed. In order to gain a
clearer understanding of the dynamics of the coherent structures, we investigate the behavior of the quasiperiodic fluctuations (high‐return diagonals) observed in the acoustic
backscatter measurements (Figures 6c, 13, and 14).
[48] We first establish that velocity fluctuations are
coherent with variations in acoustic backscatter to corroborate our interpretation of the acoustic signatures as turbulent
coherent structures. Figure 13 shows the depth dependence of
power spectra of along‐beam velocity (Figure 13c), acoustic
backscatter (Figure 13d), and their coherence (Figure 13e)
during a period of visible surface boiling, using co‐located
along‐beam velocity (Figure 13a) and acoustic backscatter
(Figure 13b) from beam 1 of the ADCP. The beam was oriented upstream into the flow with an angle of roughly 13
degrees from vertical due to instrument pitch. Along‐beam
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Figure 13. (a) Along‐beam velocity, (b) along‐beam acoustic backscatter, (c) power spectrum of
along‐beam velocity, (d) power spectrum of along‐beam acoustic backscatter, and (e) the coherence
of along‐beam velocity and backscatter. Data is taken from beam 1 of the ADCP, which points upstream
toward the sill at an angle of 13 degrees from vertical. The spectra and coherence are calculated using a
10 min period starting at 11:22 GMT on day 202, approximately 2:48 h since HW. A 150 s subset of
data is depicted in Figures 13a and 13b. The spectrums in Figures 13c and 13d are calculated using a
multitaper method with detrended data, and are normalized by signal variance. The coherence (normalized co‐spectrum) is found using Welch’s averaged, modified periodogram method, with values ranging
from 0 (not coherent) to 1 (highly coherent).
data rather than u or w are used because the latter quantities
are averages of two spatially separated acoustic beams. As
can be seen in Figure 13a, along beam flow in the upper water
column alternates between strongly downward toward the
tripod (positive flow) to weakly downward. Such behavior
occurs when vortex rollers advect past the beam. In the lower
water column, flow also exhibits fluctuations but is oriented
away from the tripod due to both upwelling and upstream
recirculation, and is thus negative. These flow fluctuations are
qualitatively mirrored by variations in the acoustic backscatter (Figure 13b), particularly in the upper water column.
[49] Spectral analysis of velocity and acoustic backscatter
confirm that the observed fluctuations are coherent structures (vortices). In addition to energy at lower frequencies,
Figures 13c and 13d reveal several peaks in the power
spectral density between 0.08 Hz and 0.12 Hz, all located in
the upper water column above z = 0.5 m. As shown in
Figure 13e, these near‐surface spectral peaks are coherent to
a normalized maximum value of nearly 0.7 (where 1.0 is
completely coherent and 0 denotes a lack of coherence).
Hence, the 0.1 Hz signal observed in the spectra are correlated and denote coherent fluctuations. Therefore, the diagonals of elevated backscatter, which here depict the turbulent
mixing of salt and the dissipation of energy at small scales
[see also Seim et al., 1995; Ross and Lueck, 2005], denote
over a larger time scale the repetitive generation of vortex
rollers in the mixing layer as flow advects past the sensor
(e.g., Figures 6c and 14).

[50] The two primary implications of this study, that both
stratification and the free surface change the mixing layer
growth and entrainment, find their expression in the particular vortices that make up the mixing layer and impinge
upon the water surface. As the bulk Richardson number
and water depth decrease, we qualitatively observe changes
to coherent structures imaged in acoustic backscatter
(Figure 14). During stratified periods, the vertical width of the
coherent fluctuations is inhibited and appear to be relatively
symmetrical at the mixing layer boundaries, suggesting that
the effect of the free‐surface is not significant (Figure 14a).
As the mixing layer approaches the surface (Figures 14b and
14c), the top and bottom of the mixing layer become visibly
different, suggesting that vortices interact differently with
the recirculation layer and the free‐surface boundary. We
observe pockets of low‐return at the surface and lower‐
frequency fluctuations at the lower boundary of elevated
backscatter. The repeating diagonals increase in vertical
extent, presumably due to the lessening effect of stratification
compared to velocity shear (Figures 14b and 14c).
[51] Later (Figure 14d), the repeating diagonals have
become more like billows, perhaps because the acoustic
signal is being contaminated by bubbles. Nonetheless, the
decreasing vertical extent of the billows suggests a flattening
of vortices within the mixing layer (i.e., they have become
more horizontal). These qualitative observations of coherent
structures (Figure 14) support the hypothesis that the mixing
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Figure 14. Six minute periods of Biosonics acoustic backscatter on day 202 with horizontal (cross‐sill component)
and vertical velocity overlaid in red and black, respectively
(not to scale). A vertical dashed line indicates zero velocity;
negative is downstream for horizontal velocity and downward for vertical velocity, respectively.

layer is altered by stratification and the free‐surface. Hence,
the mixing layer thickness is controlled by Rih and H/d.

4. Summary
[52] Using field measurements of in situ velocity and
acoustic backscatter, we reconstruct the dynamics of flow
over an abrupt bathymetric change in which the sill height
approaches the total water depth. The flow dynamics closely
resemble results from laboratory experiments over idealized,
2D sills, with similar time‐averaged velocity profiles and
entrainment values [e.g., Müller and Gyr, 1986; Kadota and
Nezu, 1999]. The flow separates in the lee of the sill and
forms a two‐layered structure, consisting of re‐circulating
flow underneath ebbing flow. Strong shear on the interface
between these two layers results in the generation of a well‐
defined mixing layer with elevated Reynolds stress and turbulent production. The boundary of turbulence production
(du/dz = 0) extends into the recirculation layer, and trends
downward over time as water level decreases. As in laboratory studies, the growth of the mixing layer is sustained in part
by entrainment from near the bed.
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[53] Unlike previous studies, the mixing layer dynamics
over the sill are affected both by time‐varying stratification
and by decreasing water depth, both of which impact mixing
layer growth. We isolate these processes by considering the
stratification and H/d effects separately, and by applying a
simplified, two dimensional conceptual framework. Over the
typical greater ebb during our experiment, conditions
transition from strongly to weakly stratified over the first
2–3 h after HW. Later in the ebb during inertially dominated
conditions, the effect of the surface boundary becomes more
prominent and the flow transitions from a primarily two‐
dimensional to a three‐dimensional flow.
[54] During stratified conditions early in the ebb, observations show that the average entrainment and mixing layer
growth is linearly related to Ri−1/2
h , where Rih is a bulk
Richardson number defined using the depth of flow over
the sill. Stratification inhibits mixing layer growth and
entrainment because turbulent energy is converted into
potential energy (as observed by negative TKE production) to
overcome the vertical density difference. We develop an
entrainment equation that is similar in form to Christodoulou
[1986], but which predicts that entrainment into the mixing
layer is as much as an order of magnitude greater than
entrainment into a classic planar (free) shear layer that is not
attached to bathymetry.
[55] Later in the ebb when stratification is weak, the
observed mixing layer growth (expansion angle) is similar
to that observed in the laboratory by Müller and Gyr [1986]
for two‐dimensional unstratified sill flow. The mean velocity profile over much of the mixing layer varies linearly as
observed in the laboratory by Kadota and Nezu [1999].
Within the mixing layer we observe coherent structures
similar to the KH‐like structures described by Müller and Gyr
[1986]. These structures are evident in the acoustic backscatter and velocity data, and we observe high coherence
between the two data sources, confirming our dynamical
interpretation of the structures.
[56] As depth decreases, the mixing layer decreases in
size, with coherent structures squeezed between the falling
free‐surface and the recirculation zone. We speculate that
individual vortices within the mixing layer are increasingly
affected by the kinematic blockage layer, which forces
changes to vortex morphology within a radius of the water
surface. As the ratio of sill height to depth, H/d, increases
above ∼0.75–0.8, the mixing layer switches from quasi‐
symmetrical, 2 sided growth to growth only from below. Over
the same parameter space, three‐dimensional steering around
the sill becomes more prominent. Hence, both free‐surface
and 3D effects may contribute to the thinning of the mixing
layer and to the increased entrainment from below.
[57] Field observations show that both stratification and
the free surface affect the dynamics of coherent structures
and the mixing layer for a tall, estuarine sill (H/d > 0.6). In
turn, these in situ dynamics likely affect the surface
expression of coherent structures and boils at the water
surface.
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